A polyphasic taxonomic study of 15 bovine and human strains assigned to the catalase-negative, urease-positive campylobacter (CNUPC) group identified these bacteria as a novel, ureolytic biovar of Campylobacter sputorum for which w e propose the name C. sputorum bv. paraureolyticus : suitable reference strains are LMG 11764 (human isolate) and LMG 17590 (= CCUG 37579, bovine isolate). The present study confirmed previous findings showing that the salient biochemical tests used to differentiate C. sputorum bv. sputorum from C. sputorum bv. bubulus are not reproducible; and that the absolute validity of source-specific biovars of the species is questionable. A correlation between the results of numerical analysis of protein profiles and the reaction of strains in certain enzyme tests was, however, noted. Therefore, it is proposed that the infrasubspecific (biovar) divisions of C. sputorum should be revised to include bv. sputorum for catalase-negative strains; bv. fecalis for catalase-positive strains; and bv. paraureolyticus for urease-positive strains. Strains classified previously as bv. bubulus should be reclassified as bv. sputorum. The species description of C. sputorum is revised accordingly.
INTRODUCTION
The genus Campylobacter was first proposed in 1963 and included two species, Campylobacter fetus and Campylobacter bubulus (36) . This classification has since been extensively revised due to research demonstrating the ecological diversity and clinical importance of Campylobacter spp. [reviewed by (37)] ; and also as a result of the use of improved taxonomic methods to elucidate interstrain relationships (1 1, 21 , [41] [42] [43] [44] [45] [46] . Consequently, [ Vibrio] sputorum (32) and The GenBank accession number for the BU 112B 165 rDNA sequence reported in this paper is AFO22768.
phenotypic characters (5, 46) . Although Campylobacter sputorum and C. bubulus were initially considered related at the subspecific level (46) , subsequent DNA homology studies clearly showed these taxa, and ' Campylobacter fecalis ' also, to belong to the same species, C. sputorum (13, 33, 39) . Observations correlating biochemical differences between strains isolated from humans, the bovine and ovine genital tract and ovine faeces led to the infrasubspecific division of C. sputorum into three biovars, bv. sputorum, bv. bubulus and bv. fecalis (33). Conversely, an organism first isolated from pigs affected by proliferative enteritis and named C. sputorum subsp. mucosalis (17) demonstrated negligible levels of DNA-DNA homology to C. sputorum, and was thus considered a separate species, Campylobacter mucosalis (34). The status of C. sputorum and C. mucosalis as distinct species has since been extensively validated by various phenotypic and genotypic analyses (7, 22, 26, (40) (41) 43) .
00569 0 1998 IUMS Phenotypic characterization. Thirty-nine phenotypic characters were recorded for each of the 51 strains listed in Table  1 . Tests were performed using the recommended media and previously described methods (14, (22) (23) (24) (25) (26) . However, nalidixic acid, cephalothin, metronidazole and carbenicillincontaining media were prepared using filter-sterilized solutions prepared from the native antibiotic (Sigma). All tests were performed on two separate occasions, on freshly prepared media, the quality of which had been tested using appropriate control strains (S. L. W. On, unpublished data).
Numerical analysis of phenotypic tests. Procedures described previously were used (26) with one modification : results for hydrogen sulfide production in triple sugar iron agar (H,S/TSI) were not graded according to reaction intensity but recorded as positive or negative only, to account for results obtained with LMG 11761 (see below). Briefly, the simple matching coefficient was employed to calculate similarities between strains and a dendrogram was constructed to reflect these similarities. Strains were clustered by the unweighted pair group method with arithmetic averages (UPGMA). All analyses were performed using the computer program MVSP (Multi-Variate Statistical Package, version 2.0 lL, Kovach Computing Services, Anglesey, UK).
Extraction, separation and analysis of bacterial whole-cell proteins. Protein samples were prepared, separated by PAGE, digitized and subjected to comparative numerical analysis as described previously (3 l), except that points 6-107 and 141-292 of the 400 points comprising each interpolated trace were used in the analysis. The theoretical and practical reasons for this process have been discussed previously (3 1).
Preparation of DNA. Native DNA was prepared for DNA-DNA hybridization (44), and PCR amplification of 16s rDNA (using a phenol/chloroform extraction procedure) (35), as described previously. DNA binding and less do not represent significant DNA homology with the method used. The total DNA concentration was 39 pg ml-', and the optimal renaturation temperature in 2 x SSC (sodium saline citrate; 1 x SSC is 0.15 M NaCl plus 0.015 M sodium citrate, pH 7) was 64.6 "C.
Amplification, sequencing and analysis of 165 rDNA. PCR amplification of 16s rDNA was performed using the 27f/1392r primer pair ( Table 2 ). The final reaction mixture (50 p1) contained 1 pl genomic DNA (-100 ng), 0.25 pM each primer, 0.2 mM dNTPs, 2.5 mM MgCl,, 0.5 U Taq DNA polymerase (Perkin-Elmer) and 1 x PCR buffer (Perkin-Elmer). After an initial denaturation step (94 "C for 5 min), the samples were subjected to 30 amplification cycles comprising denaturation (94 "C for 1 min), annealing (55 "C for 1 min) and extension (72 "C for 1 min), completed by a prolonged extension step (72 "C for 7 min). After checking the integrity of the PCR product by agarose gel electrophoresis, amplified DNA was purified for sequencing using a QIAquick PCR purification kit according to the manufacturer's recommendations (Qiagen). Sequences were determined directly using a dye terminator cycle sequencing kit under conditions recommended by the manufacturer (Applied Biosystems) using the eight primers listed in Table  2 . Sequencing reactions were run on an Applied Biosystems model 373A automated DNA sequencer, using the manufacturer's recommendations. The percentage similarity between the sequence determined for CNUPC strain BU 112B (GenBank accession no. AF022768), and all other strains contained in the GenBank database, was determined 
RESULTS

Phenotypic characterization
All of the 30 C. sputorum strains studied (including members of the CNUPC group) were Gram-negative 'S'-shaped and/or curved rods when examined under microscopy. Phenotypic variation between strains was minimal; a detailed report of the species' phenotype is given below in the emended description. Reproducible differences in six tests allowed isolates to be divided into seven biochemical variants (described below). One variation noted was in the production of H,S in TSI medium. Most (28/30) of the C. sputorum strains examined consistently produced copious quantities of H,S in TSI. However, LMG 11761 yielded copious and trace amounts of H,S in TSI medium, respectively, on the two occasions it was tested. In addition, LMG 14261 gave a negative result on both occasions. Consequently, the H,S/TSI test was recorded only as positive or negative and was not scored according to intensity of reaction, as done previously (21, 26).
Several tolerance tests gave results which were not wholly reproducible and could not be used to define variation. These tests, and the corresponding percentage of strains giving a reproducible result (in parentheses), were growth on: 1.0 (45%), 1.5 (96%) and 2.0% (59%) bile; 3.5 (86%) and 4.0% (83%) sodium chloride; and 0.02 % safranin (69 YO). Nonetheless, all C. sputorum bv. sputorum, C. sputorum bv. fecalis and CNUPC group strains could be distinguished from each other and from other Campylobacter species on the basis of their phenotypic characteristics (Table 3) .
Numerical analysis of phenotypic tests
Only those phenotypic characters yielding fully reproducible results were used in the numerical analysis. Examination of the dendrogram produced ( Fig. 1) showed that 18 phenons were formed at the 89% similarity (S-) level. Thirteen phenons comprised single strains included as study references, whilst strains of Campylobacter gracilis, Campylobacter hyointestinalis (both subspecies) and C. fetus (both subspecies) were also contained in discrete clusters. The remaining two phenons respectively included the closely related catalase-negative enteropathogenic species Campylobacter upsaliensis and Campylobacter helveticus ; and 30 strains of C. sputorum, including 15 strains assigned to the CNUPC group. Furthermore, within the C. sputorum cluster, seven subphenons were formed at the 98 YO S-level, each defined by a particular phenotype.
Subphenon I contained the type strain of C. sputorum and five other catalase-negative isolates of human, bovine, ovine and porcine origin, whilst subphenon I1 comprised strains of ovine and bovine fecal origin that were catalase-positive (bv. fecalis). Subphenon I11 was a single ovine fecal strain differing from those of subphenon I1 only in its inability to reduce nitrate. Subphenon IV contained an ovine strain resembling subphenon I, but resistant to metronidazole (4 mg 1-') when tested on a nutrient agar base. Subphenon V contained 13 cattle isolates originally classified as the CNUPC group (and therefore catalase-negative, urease-posi tive), in addition to a human diarrhoea1 isolate (LMG 11764). Subphenon VI comprised a single cattle CNUPC isolate differing from the other strains of this phenotype only in its tolerance to cephalothin (32 mg I-'). Subphenon VII contained a catalase-negative strain isolated from human pus, unique in that the H,S/TSI test was negative.
Numerical analysis of whole-cell protein profiles
Forty strains were used in the analysis, including five CNUPC strains representing each of the three genotypes determined by macrorestriction profiling (1). A further 16 C. sputorum strains were included, in addition to 19 type and reference strains of other taxa. The dendrogram produced (Fig. 2) clearly identified the CNUPC group as highly related to a human strain also giving the CNUPC phenotype (LMG 11764), and clustered these strains with 13 other C. sputorum strains at the 69% S-level, clearly separating these strains from all other taxa included. The aberrant position of two C. sputorum strains (LMG 8535 and LMG 10388) in the dendrogram was attributed to the presence of a high-molecular-mass dense protein band in these strains, since their profiles were otherwise typical of the other C. sputorum strains studied (data not shown).
The main C. sputorum cluster could be further subdivided into subphenons at higher S-levels, but no single cut-off level could delineate these strains into groups corresponding with either their source, or the Phenotypic data on C. sputorum were as described in this study. The characteristics of the other taxa are from references (27), (29) and ( full extent of the biochemical variation noted here (see above). However, at the 84% S-level, three subphenons were evident. Subphenon a contained 12 urease-negative strains, whilst subphenon b consisted of six urease-positive isolates. Subphenon c comprised LMG 14261, a strain unique in its inability to produce hydrogen sulfide.
four distinct Campylobacter spp. were < 22 % ( Table   4) .
PCR amplification and sequence analysis of 165 rDNA
The size of the 16s rDNA PCR product of cattle isolate BU 112B obtained by use of primers 27f and 1392r was estimated as approximately 1650 bp, some 250 bp larger than that expected for other Campylobacter spp., but equivalent to that expected for C. sputorum due to the presence of an internal transcribed spacer (40). The sequencing primers used ( Fig, 7 . Dendrogram of the cluster analysis based on phenotypic data of strains examined. The numbers on the horizontal axis indicate the percentage similarities as determined by the simple matching coefficient and UPGMA clustering. Phenons were formed a t the 89% similarity (5-) level, with subphenons of C. sputorum (indicated by roman numerals) delineated at the 98% S-level.
sequence to BU 112B (accession no. AF022768) as that of the 16s rRNA gene sequence of the type strain of C. sputorum (LMG 7795T : accession no. X67775) (40), with which it showed 99.7 YO similarity. Of the five base differences, four were found to occur within the internal transcribed spacer region (Fig. 3) . Numerical analyses of both phenotypic tests and protein profiles clearly indicated the CNUPC group to be a homogeneous taxon, and also assigned a human strain, LMG 11764 (not originally included in the original study group from cattle faeces) to this group. Moreover, the CNUPC group was shown to be highly related to type and reference strains of C. sputorurn in each analysis. The concordance of numerical analysis of protein profiles with DNA-DNA hybridization data is well-known (2 1, 3 1, 44-45) and was again confirmed in this study, where the genomic relatedness of the human CNUPC strain to selected C. sputorum isolates was shown to be well within the range expected for a single species (47) ( Table 4) . It is also noteworthy that LMG 11764 was identified as a C. sputorum isolate by use of a species-specific PCR assay based on a variable region of the 23s rRNA gene (3), but no phenotypic data were presented by these authors. Furthermore, the 16s rDNA sequence of a typical bovine CNUPC strain (LMG 17590) was 99.7% similar to that of the type strain of C. sputorum and contained an insert of about 250 bp, a feature characteristic of this species (40). Although urease activity is considered an unusual feature among other taxa belonging to the Campylobacteraceae (41), these data clearly identify the CNUPC group as a novel biovar for which we propose the name C. sputorum bv. paraureolyticus (formal description is given below).
Re-evaluation of the existing infrasubspecific (biovar) divisions of C. sputorum
The original concept of the infrasubspecific division of this species was based on one fundamental principle: that certain biochemical characteristics could be used to differentiate C. sputorum strains isolated from particular sources and believed to be host-specific (19, 33) . Strains from the human oral cavity (bv. sputorum), the bovine and ovine genital tract (bv. bubulus), and ovine faeces (bv. fecalis) are traditionally differentiated by their catalase reaction (only bv. fecalis produces catalase) and tolerance to 3.5% NaCl and 1 YO bile (bv. sputorum giving a negative and positive result, respectively, in these two tests) (33). However, the validity of this infrasubspecific division has been questioned, since the results of tolerance tests using various concentrations of NaCl and ox bile are not reproducible (22-23, this study). The continued use of tolerance to NaCl and ox bile as determinative phenotypic markers for biovars of C. sputorum strains isolated from differing sources is clearly unjustified. Although tolerance to 0-02 % safranin was shown to be a potential marker for certain bovine strains of C. 
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